The germination of fungal spores into hyphae was inhibited by concentrations of phenethyl alcohol (PEA) from 0.05 to 0.3%. Spores of Mucor formed budding spherical cells instead of filaments. These cells were abundant in cultures of Mucor rouxii at 0.22% PEA, provided that the carbon source was a hexose at 2 to 5%.
Phenethyl alcohol (PEA) inhibits the growth of bacterial (5, 20) , fungal (19) , and animal cells (7, 17) . It was believed earlier that PEA abolished specifically the replication of deoxyribonucleic acid (DNA; 5, 17, 32) , but it has now been shown to interfere with the biosynthesis of ribonucleic acid (RNA) and proteins (19, 24, 25, 27) . PEA also limits the uptake of amino acids and glucose by Neurospora crassa (19) and causes cells of Escherichia coli to lose potassium ions and to become permeable to acridine dyes (29) . These observations suggest that the cytoplasmic membrane is the primary site of action of PEA.
Germination of conidia of N. crassa was suppressed by 0.3% (v/v) PEA, but their viability was conserved even after several hours of contact (19) . It is shown here that such inhibition was concentration-dependent for N. crassa and for several other fungal species. Concentrations of 0.2% or greater reduced spore swelling, whereas lower concentrations limited only protrusion or elongation of germ tubes.
At these low PEA concentrations, sporangiospores of Mucor were converted into bud-producing spherical cells (31) ; these cells were similar to those seen in anaerobic cultures of Mucor rouxii grown with a gas phase of CO2 and with fermentable sugars such as hexoses (1) (2) (3) , and which I Present address: Instituto de Investigaciones, Bioquimicas "Fundacion Campomar," Obligado 2490, Buenos Aires, Arsetdna.
were converted into hyphae after exposure to air (3) . The shift from anaerobic to aerobic conditions was accompanied by the synthesis of RNA and cytochrome oxidase (13) .
A study of the PEA-M. rouxii system was started with the hope that it might help explain the mode of action of PEA Cultures. The spores of M. rouxii were produced and stored as previously described (13) . A defined medium (4), supplemented with 0.2% vitamin-free casein hydrolysate (BGA) and a specified carbon source, was used in all studies. A 100-ml portion of EFFECU OF PHENETHYL ALCOHOL ON M. ROUXIl medium in a 500-ml Erlenmeyer flask was inoculated with 10' spores and incubated at room temperature on a reciprocating shaker. For production of mitochondria, the organism was grown in baffled, long-necked, 2-liter Erlenmeyer flasks which contained 1 liter of a complex medium (YPG; 3) and an inoculum of 108 spores. Cultures were incubated for 19 hr at room temperature on a rotory shaker.
Spores of the other organisms were produced as above and inoculated into 10-to 20-ml amounts of BGA supplemented with 2% glucose and with 0.05 to 0.4% PEA. These suspensions were incubated at room temperature on a reciprocating shaker. Samples were removed after 18 hr, observed under the microscope, and photographed.
Measurement of dry weight. Cultures of M. rouxii were harvested with suction on tared filter paper discs with a diameter of 4.25 cm (Whatman no. 1, H. Reeve Angel & Co., New York, N.Y.). The mycelial pads were rinsed with distilled water, dried for 24 hr at 90 C, and then weighed.
Manometric determinations. 02 uptake and CO2 production were measured at 27 C with a Warburg respirometer (34) . Samples were transferred either directly to the main compartment of the Warburg vessels or after filtration and suspension in fresh medium. Cells and filaments were collected on filter discs (pore size, 0.45 Mm; diameter, 47 mm; Millipore Corp., Bedford, Mass.), and suspended in the indicated medium with gentle shaking.
Determination of ethyl alcohol production. Ethyl alcohol was assayed by spectrophotometry (6) in culture filtrates or in supernatant fractions from a 10-min centrifugation of Warburg vessel contents at 4 C and 3,000 X g. Reagents kit no. 330 (Sigma Chemical Co., St. Louis, Mo.) was used in these assays.
Isolation of mitochondria. Two-liter cultures were harvested by filtration. The mycelium pads (averaging from 25 to 30 g wet weight) were rinsed with 2 to 3 liters of distilled water and suspended in 70 ml of cold 0.02 M tris(hydroxymethyl)aminomethane (Tris), pH 7.5, containing 0.001 M ethylenediaminetetraacetate (EDTA) and 0.44 M sucrose (Tris buffer). The mycelium was progressively mixed with 500 g of 50-mesh, acid-washed sea sand in a prechilled mortar and then ground for not more than 3 min. This process was sufficient to shear about 75% of the filaments. Then, 50 ml of Tris buffer was added, and the slurry was poured through a Buchner funnel onto two sheets of paper tissue no. 900-s (Kimberley-Clarke Corporation, Neehah, Wis.). Gentle suction was applied, and the cake was rinsed with 5-to 10-ml amounts of Tris buffer until the rinse was clear. The filtrate was centrifuged twice for 10 min at 4 C and 1,500 X g. The supernatant fraction was centrifuged twice for 20 min at 4 C and 6,800 X g.
Analyses of cytochromes. The mitochondrial pellet, which contained 25 to (8) . After centrifugation for 10 min at 4 C and 3,000 X g, the radioactivity of the cold PCA-insoluble fractions was determined by a procedure described elsewhere (13) .
Chemicals. PEA (2-phenethyl alcohol), benzylamine, 3-phenyl-1-propylalcohol, 2-phenethylamine, and alpha-methylbenzyl alcohol were purchased from Eastman Organic Chemicals, (Rochester, N.Y.), and phenyl methanol from Fisher Scientific Co., (Fairlawn, N.J.).
RESULTS
Inhibition of germination and growth in fungi by PEA. The inhibition of spore germination and filamentous growth by PEA in several organisms was concentration-dependent. In most cases, concentrations of 0.2% or higher (v/v) prevented either swelling of spores or emergence of germ tubes, whereas concentrations below 0.2 % merely abolished the elongation of germ tubes and hyphae. The concentration range required to obtain these effects was always narrow and varied TERENZI AND STORCK greatly with the organism. No attempt was made to classify the organisms tested on this basis, since these concentration requirements might have been due to nonspecific factors such as spore age and viability. The study of the response to various concentrations, nevertheless, permitted assignment of these organisms to two distinct groups. Yeast-like morphology was never observed in the first group which was composed of zygomycetes such as Absidia cylindrospora, Basidiobolus ranarum, Cunninghamella blakesleeana, C. echinulata, Rhizopus arrhizus, R. oligosporus, Syncephalastrum racemosum, and Zygorhynchus moelleri, of ascomycetes such as N. crassa, of basidiomycetes such as Schizophyllum commune, and of deuteromycetes such as Aspergillus ochraceus, Fusariwn culmorum, Penicillium chrysogenum, and P. notatum. In the second group, composed of M. genevensis, M. rouxii, and an unidentified but different species of Mucor, a concentration range of PEA existed which elicited the abundant production of yeast-like cells.
R. arrhizus was selected as an example of the behavior of the first group, because spore germination in this organism has been described in detail (14) , and because the yeast-like phase is absent in an atmosphere devoid of oxygen (3). Photographs of ungerminated spores and of filaments in a PEA-free medium, (Fig. 1A , 1B, respectively) should be compared with those ( Fig. 1C, D , E) which show cells after incubation for 18 hr in the presence of 0.18, 0.20, and 0.22% PEA, respectively. The length of the germ tubes varied inversely with PEA concentration. Furthermore, the emergence of more than one germ tube was abolished (Fig. 1C, D) .
Under identical conditions, Mucor species exhibited a yeast-like type of morphology, as shown in Fig. 2A , B, and C, for M. genevensis, M. rouxii (ATCC 8097), and Mucor sp., respectively. The formation of a yeast-like phase required PEA concentrations which varied from one species to another. For each species, a given concentration limited spore swelling (e.g., 0.2% for M. genevensis; Fig. 2D ).
Conditions required for the exhibition of yeastlike morphology by M. rouxii. M. rouxii was selected because it has been intensively investigated (1, 4, 12, 13) . Spore swelling was inhibited at 0.4% and germ tube formation at 0.15%. Bud-forming cells were seen at 0.22% (Fig. 3A) . These cells were not exactly like those seen after anaerobic incubation (Fig. 3B ) or in PEA cultures of other Mucor species ( Fig. 2A , B, C). These bud-forming cells were ground with sand, and the debris and cytoplasm were removed by centrifugation. The resulting "ghosts" are seen in Fig. 4 . Thus, as for true yeasts, cell walls were responsible for cell size and shape (30 Figure 6 shows that the total growth, expressed as dry weight, was the same after 4 days if PEA was added at the onset of germination or at 6 hr after germination despite the fact that the lag preceding growth was different. Figure 7 shows that the growth rate with PEA was decreased when the glucose concentration was raised to 5% and when morphology was yeast-like. The results presented in Table 1 indicate that inhibition of growth by PEA was independent of the nature of the carbohydrate supplied at 2%. Comparison of cytochromes in yeast-like cells and filaments. Figure 8 reveals that the cytochrome spectrum of cells grown anaerobically differs from that of cells grown in air, either in the absence or in the presence of PEA, and also that rapid change follows exposure to air. The behavior of cytochromes is thus similar to that of cytochrome oxidase (13 Stimulation of CO2 production by PEA in in the liberation of CO2 at an increasing rate. We aerobiosis. As shown in Fig. 9 , the addition of had previously shown that there was no CO2 0.22% PEA had no effect on the rate of oxygen liberation with 0.05% glucose and that with 0.1 uptake by intact cells, but, in contrast, it resulted and 0.2% glucose the production of CO2 stopped The mere addition of PEA to cells in the absence of a hexose was not sufficient for CO2 production.
In order to test the response of yeast-like cells to PEA, 0.22% PEA was added to a spore suspension which had been incubated for 7 hr in BGA with 5 % glucose. One portion of the suspension was further incubated for 16 hr and one portion for 68 hr. Cells were washed and suspended in fresh BGA. Each culture was divided into two equal portions. One was supplemented with 5% glucose and 0.22% PEA. The four suspensions were incubated for 6 hr; thereafter, their 02 consumption and CO2 production were measured manometrically for 1 hr (Table 3) . They demonstrate that a CO2/02 ratio greater than 1.0 was invariably associated with yeast-like morphology. This ratio was lower than 1.0 after 6 hr of incubation in fresh medium which contained 5% glucose and no PEA. Under these conditions, yeast-like cells were converting to filaments. After a 68-hr contact with PEA, yeastlike cells were no longer capable of becoming filaments, although they were still able to grow. Figure 10 shows that these yeast-like cells had been transformed into odd shapes instead of into filaments.
Stimulation by PEA of aerobic production of ethyl alcohol. After 48 hr of growth, ethyl alcohol accumulated in greater amounts in 5% glucose than in 1% glucose, with or without PEA. With 1 % glucose, growth was filamentous in the presence or absence of PEA. With 5% glucose and PEA, growth was exclusively yeast-like and the yield of ethyl alcohol per milligram (dry weight) was several times greater than in the other (Table 5 ). In the absence of PEA, the number of ymoles of CO2 (calculated from radioactivity measurements) was the same as the number ofj,moles of 02 (measured by manom- ga.actos or mase production by germinated spores of M. rouxii which morphology. If fructose, galactose, or mannose, had produced germ tubes. Symbols: 0, 02 uptake in instead of glucose, was supplied at 5%, the result the absence of PEA; 0, 02 uptake in the presence of was the same (Table 4) . On the contrary, ethyl 0.22% PEA; A, CO2 production in the absence of alcohol was never found after growth with 5% of PEA; and A, C02 production in the presence of 0.22% either xylose, maltose, or sucrose. PEA. PEA was added 20 min after the beginning of In the absence of PEA, or in its presence but the experiment. aCompounds were added at final concentration of 0.22% (v/v), except for phenyl propanol (0.10%). The medium consisted of BGA supplemented with 5% glucose. Yeast-like morphology was observed only in the cultures with either PEA or phenyl propanol; in the other cultures, morphology was of the filamentous type.
PEA, whereas 37 times more glucose was fermented with PEA.
As shown in Table 6 , ethyl alcohol was produced and growth was inhibited in the presence of several compounds related to PEA. Among them, only phenylpropanol induced yeast-like morphology which, as in the presence of PEA, was coincident with a high level of alcoholic fermentation.
Inhibition of oxidative phosphorylation activity by PEA. PEA did not reduce oxygen uptake by mitochondria more than by intact cells (Table 7) . However ( Some authors who worked with bacteria concluded that PEA interfered with the normal activity of the protoplasmic membrane (26, 29, 32) . Lester reached a similar conclusion, but did not rule out the possibility that the primary target of PEA might also be energetic processes such as oxidative phosphorylation. In our study, we proved that PEA inhibited oxidative phosphorylation by isolated mitochondria but at concentrations higher than those existing intracellularly when cells are in a medium containing 0.22% PEA. This inhibition and the upset of the balance of respiration and fermentation were reminiscent of the way in which 2-4 dinitrophenol affected Saccharomyces cerevisiae (22) . PEA could also be compared to agents which cause mitochondria to lose metabolites (18) , favoring alcoholic fermentation (22 concentration was raised to 5 % or higher. This effect of glucose concentration could not be attributed, however, to increased endogenous CO2 production since maximal CO2 evolution was reached with 0.1 % glucose. We found that M. rouxii in the presence of PEA with either 0.5% glucose or 5% xylose formed ifiaments exclusively when the atmosphere was a mixture of air and C02 (2: 1). It seems, therefore, that the induction of yeast-like morphology by PEA cannot be explained on the basis of an increased endogenous production of CO2 .
Yeast-like morphology in Mucor could thus be observed under diverse conditions. This diversity more than likely was apparent rather than real, since all of these conditions have one major common trait: they favor fermentation.
In the literature there are several well-documented cases which establish that the association of an inhibition of filamentous growth and differentiation with an alteration of energy-producing metabolism is not limited to Mucor. In 1876, Pasteur (23) and enhanced ethyl alcohol production. In the case of S. commune, a lack of filamentous branching was accompanied by a decrease in sensitivity to sodium azide and by an increase in the amount of glucose utilized per unit dry weight (28) ; this would indicate that the contribution to growth from anaerobic energy sources had been increased. In the case of N. crassa, it was found that an aconidial mutant had a ratio of fermentation to respiration much higher than that of the wild type (33) . Furthermore, it was found (16) that the lowering of oxygen tension not only delayed conidiation in N. crassa, but it also produced a sharp decrease in dry weight and an acceleration of ethyl alcohol production. The authors (16) concluded that "the oxygen tension acts by regulating the balance between glycolytic and oxidative metabolism which, in turn, determines the amount of alcohol produced." In the same organism, sorbose has been shown to induce "colonial growth" characterized by a drastic shortening of the length of the filaments and the absence of conidia. It was also revealed that the efficiency of glucose utilization was decreased in this aberrant form, since CO2 evolution was enhanced while the consumption of oxygen per dry-weight unit was lowered. This suggested that sorbose acted like 2-4 dinitrophenol and that colonial morphology in Neurospora "involved a general metabolic disturbance resulting from a partial uncoupling of respiration and oxidative phosphorylation" (9) . These examples demonstrate that inhibition of respiration and enhancement of fermentation always restricts morphological differentiation in filamentous fungi.
To conclude, we suggest that filamentous morphology in fungi might be regarded in many instances as a morphogenetic expression of the Pasteur effect. This concept is in agreement with the views of Warburg (35) 
